WHAT'S KNOWN ON THIS SUBJECT: Peripherally inserted central catheters (PICCs) are essential to deliver life-saving treatment to neonates. Longer PICC dwell times may increase the risk of central line-associated bloodstream infections (CLABSIs) in neonates, but previous studies have yielded inconsistent results, likely due to different study designs, analytic methods, and small sample sizes.
Intravenous access is essential to provide fluids, medications, and nutrition to many hospitalized patients. Peripherally inserted central catheters (PICCs) are frequently used to provide life-saving intravenous access for neonates. PICCs can be placed at the bedside without general anesthesia and can remain in place for days to weeks. However, infectious and noninfectious complications occur, including central line-associated bloodstream infections (CLABSIs). 1, 2 In the NICU, CLABSIs are the most common health care-associated infection and are a significant cause of morbidity and mortality in high-risk neonates. [3] [4] [5] National campaigns and collaborative efforts have reduced CLABSIs in NICUs, but infection rates have not fallen to zero. [6] [7] [8] [9] These successes have in large part relied on a widespread awareness that catheter maintenance practices are essential to prevent CLABSI, especially as catheters often remain in place for prolonged periods.
Many studies have suggested that the longer a catheter remains in place, the greater the risk of a catheter complication, including CLABSIs. 1, 2, [10] [11] [12] [13] [14] The cumulative risk of CLABSI increases the longer a PICC remains in place, but it is unknown whether the daily risk of CLABSIs increases over the dwell time of the catheter. 15 A recent study of neonates suggested that for PICCs that remained indwelling for .35 days, the risk of CLABSIs increased by 33% per additional day the catheter was in place. 11 These findings are plausible, because intra-luminal catheter colonization and biofilm formation are associated with CLABSIs, and both are associated with increased catheter dwell time. 16 If confirmed, these data could challenge the common practice of keeping PICCs in place until signs or symptoms of a complication necessitate their removal. Our objective was to perform a multicenter study to determine if the risk of CLABSIs in neonates with PICCs increases over catheter dwell time and identify a threshold beyond which time the daily risk of CLABSIs increases.
METHODS

Setting and Participants
We performed a multicenter retrospective cohort study of neonates who had a PICC inserted in the NICU. Institutions were recruited to participate if they had access to an electronic medical record or other electronic database that contained catheter insertion and removal dates and catheter type. 
Data Collection
Each institution collected data on patient demographics, catheter characteristics, and positive blood cultures by querying administrative and laboratory databases. Race, ethnicity, gender, date of birth, date of hospital admission, date of hospital discharge, date of NICU admission, date of NICU discharge, gestational age, and birth weight were extracted from hospital databases and medical records when available. Collected catheter characteristics included catheter insertion and removal dates, insertion location, and number of lumens when available. The primary exposure was PICC dwell time, defined as days from PICC insertion until either PICC removal or the date of CLABSI, whichever was earlier.
The outcome of interest was PICCassociated CLABSI. Each participating institution had trained infection preventionists (IPs) who performed prospective surveillance to monitor positive blood cultures in patients with indwelling catheters, by using laboratory databases and infection surveillance support systems. CLABSIs were identified prospectively by IPs at each site and defined using criteria from the Centers for Disease Control and Prevention' s National Healthcare Safety Network' s (NHSN) surveillance definitions. 17 A list of all CLABSIs in the NICU of participating hospitals was obtained from the site' s IP. The NHSN CLABSI definition changed in 2008 to include "two or more blood cultures drawn on separate occasions" for common skin commensal bacteria (ie, coagulasenegative staphylococci) 17 ; therefore, additional microbiology data were collected and reviewed by study investigators for CLABSIs occurring before 2008. Ten (21%) of 49 CLABSIs occurring before 2008 were not included because they did not meet the NHSN criteria of having $2 blood cultures drawn on separate occasions. A PICCassociated CLABSI was defined as a CLABSI in a patient with a PICC. 1, 11 
Statistical Analysis
Descriptive analyses were performed to characterize the patient population with reporting of median values, quartiles, and percentages. Because some sites were not able to obtain gestational age, number of catheter lumens, and PICC insertion site, these variables were not included in the analysis. The unit of analysis was a PICC. We excluded from the analysis PICCs that were placed and removed on the same day. For patients with multiple PICCs placed during their NICU hospitalization, all PICCs were included. For patients with .1 PICC in place at the same time (concurrent PICCs), both PICCs were included while accounting for correlated observations at the patient level by using a robust variance estimator. One site was not reliably able to capture PICC insertion and removal dates, so data from that site were not included. Data for concurrent non-PICC central catheters (ie, tunneled-catheters, umbilical catheters) were not available. For patients who had a CLABSI and simultaneous PICCs (3 patients), the CLABSI was randomly attributed to 1 of the 2 PICCs and a sensitivity analysis was performed and found no change in the results when these CLABSIs were attributed to the other PICC. If multiple CLABSIs were associated with the same PICC, only the first CLABSI was included and at-risk time was censored at the time of the first CLABSI. Subsequent CLABSIs in the same patient with a different PICC were included.
The risk of CLABSI over PICC dwell time was estimated by calculating incidence rates per 10-day intervals from PICC insertion and by using Poisson regression models to estimate unadjusted and adjusted incidence rate ratios (IRRs and aIRRs). Catheter dwell time was categorized into quartiles for the unadjusted models, but an adjusted Poisson regression model with restricted cubic splines was developed to account for the nonlinear risk of CLABSIs over PICC dwell time. 2 We included covariates determined a priori to be independent predictors of CLABSIs, including presence of a simultaneous PICC, having a CLABSI attributed to a previous PICC, age at time of line insertion, and birth weight. We included hospital as a fixed effect and accounted for patient-level clustering with a robust variance estimator. Sensitivity analyses included omitting the site with highest rates, including calendar year of PICC placement, only including the first PICC for each child, using a hierarchical model to account for patient-level clustering, and using a robust variance estimator to account for hospital-level clustering. Data were maintained in Microsoft Excel 2007 (Bellevue, WA) and analyzed by using Stata 11.0 (Stata Corp, College Station, TX). Restricted cubic splines and the predicted model graphic were generated by using the postrcspline package for Stata. 18 
RESULTS
Of the 4899 identified PICCs, 4797 PICCs were eligible for analysis. Seventy-three PICCs were excluded because they were inserted and removed on the same day, 22 had missing insertion or removal dates, and 7 were duplicate entries. Of the 3967 neonates who had $1 PICCs, the median birth weight was 2000 g (quartiles 1030, 2991) and the median age at time of PICC insertion was 5 days (quartiles 2, 13) ( Table 1) . Most patients were boys (57.1%) and Caucasian (53.4%).
The total observation time was 89 946 catheter days. The median PICC dwell time was 14 days (quartiles 7, 23), and 25% of PICCs remained in place for $23 days. The distribution of PICC dwell time is shown in Fig 1. The distribution of PICC dwell time was similar at each site (Supplemental Fig 4) .
There were 149 CLABSIs from 4797 PICCs (3.1%). Of the 143 neonates with a CLABSI, 54% were boys, 54% were Caucasian, and the median birth weight was 1032 g. The median time from PICC insertion to CLABSI was 18 days (range 1-166 days). The incidence of PICCassociated CLABSIs was 1.66 per 1000 catheter-days (95% confidence interval [CI] 1.40-1.94). The highest incidence of CLABSIs was observed in PICCs with dwell times .50 days (Table 2 and  Supplemental Table 5 ). The most commonly identified organisms were coagulase-negative staphylococci (32.2%) and Staphylococcus aureus (20.1%), as shown in Table 3 . Gram-positive organisms were most commonly recovered in the first 40 days after catheter insertion (Fig 2) . There was an increase in the incidence of Gramnegative CLABSIs in PICCs with dwell times .50 days compared with PICCs with dwell times #50 days (IRR 5.26, 95% CI 2.40-10.66).
In unadjusted analyses, neonates with higher birth weight were at reduced risk for CLABSIs (Table 4) . There was not Although these data did not identify a second phase during which the daily risk of infection again increases, possibly due to being underpowered, the findings do verify that the risk of CLABSIs remains elevated in PICCs that remain in place for .2 weeks. Therefore, clinicians should continue to review the need for a PICC on a daily basis, consider removal, and optimize practices to maintain the catheter to prevent infection. In addition, future studies are needed to determine if additional interventions, such as antibiotic or antiseptic locks, should be considered in neonates with prolonged PICC dwell times to further reduce the risk of infection.
In neonates and children, central line insertion and maintenance care practices can be optimized to prevent CLABSIs. [6] [7] [8] [9] Compliance with maintenance practices may be especially important in children with prolonged catheter dwell times. A previous study in neonates demonstrated that most catheter-related bloodstream infections are caused by intraluminal catheter contamination. 16 Catheter maintenance practices, including hand hygiene before contact with the catheter and thorough scrubbing of the catheter hub, may help to prevent intraluminal catheter contamination and subsequent infection. Ensuring compliance with basic PICC insertion and maintenance practices should be the first step in a program to reduce and prevent CLABSIs. [23] [24] [25] [26] In addition to PICC maintenance practices, clinicians should actively discuss the ongoing need for a catheter, recognizing the significant daily risk of infection. Our data suggest that 1 CLABSI can be prevented by eliminating 412 catheter days in PICCs that remain in place for .14 days. That number may seem high, but if 200 neonates on a unit have a PICC in place for .14 days each year, reducing PICC duration by 2 days per patient would prevent 1 CLABSI. Such targets are important for quality improvement initiatives aimed at reducing CLABSIs in the NICU.
Our study confirms previous observations that the organisms causing CLABSIs and bacteremia may change over catheter dwell time. 11, 22 Smith et al 22 found that median time to develop Gram-positive bacteremia was 8 days after catheter insertion, whereas the median time to develop Gramnegative bacteria was 13.5 days after catheter insertion. Sengupta et al 11 found that coagulase-negative staphylococci were the predominant organism (55.6%) within the first 2 weeks after PICC insertion, whereas Gramnegative bacteria were the dominant pathogens (58.3%) after the first 2 weeks. Our data showed a 3.5-fold increase in the incidence of Gramnegative CLABSIs in PICCs with a dwell time .50 days.
Several considerations should be made when interpreting our findings. This was a retrospective study that relied on available databases from multiple centers. Because of unique data resources at each site, we were unable to capture and adjust for known confounders of CLABSIs, including receipt of parenteral nutrition, gestational age, and severity of illness. Follow-up data were limited to a neonate' s hospital or NICU stay, so an event that occurred after NICU discharge would not have been captured; however, we previously found that .90% of children had their PICCs removed before NICU discharge. 11 We captured and adjusted for simultaneous PICCs, but did not collect data on other types of concurrent central lines, a known risk factor for CLABSIs, so residual confounding 
FIGURE 2
Incidence of CLABSIs during 10-day time intervals after PICC insertion for Gram-positive bacteria, Gramnegative bacteria, and Candida spp.
remains possible. 27 Each site had and implemented different infection prevention practices during the course of the study. We accounted for these temporal and hospital characteristics in our statistical models, which may have affected the power to detect a change in daily CLABSI risk beyond 14 days of PICC dwell time. Because not all sites provided data for the entire study period, we were not able to assess change in risk of CLABSI over time, but the association between daily CLABSI risk and PICC dwell time remained after adjusting for temporal trends. As practices have changed over time and as national collaboratives have shown reductions in rates, our findings are informative but should be confirmed with contemporary data. Finally, previous research has identified variability in how different practitioners apply NHSN criteria for CLABSI. 28 This variability has not been associated with catheter dwell time and should not affect the interpretation of these data.
CONCLUSIONS
PICCs are essential to the care of hospitalized neonates, and CLABSIs are a potentially devastating complication. Ourdata confirm that the risk of CLABSIs in PICCs increases over the first 2 weeks after insertion and then remains elevated. Health care workers should continue to review the need for a PICC on a daily basis, remove if possible, and optimize practices to maintain the catheter to prevent infection. Future studies are needed to determine if additional interventions are warranted in neonates with prolonged PICC dwell times to further reduce the risk of infection. 
FIGURE 3
Predicted CLABSI rate (solid line) with 95% CIs (shading) over catheterdwell time fora given hospital, age, birth weight, CLABSI from previous PICC, and concurrent PICC. For a neonate with different characteristics, the predicted risk of CLABSIs could be higher or lower, but the shape of the line would remain the same.
